The transmembrane peptidase prostate-specific membrane antigen (PSMA) is universally upregulated in the vasculature of solid tumors, but its functional role in tumor angiogenesis has not been investigated. Here we show that angiogenesis is severely impaired in PSMA-null animals and that this angiogenic defect occurs at the level of endothelial cell invasion through the extracellular matrix barrier. Because proteolytic degradation of the extracellular matrix is a critical component of endothelial invasion in angiogenesis, it is logical to assume that PSMA participates in matrix degradation. However, we demonstrate a novel and more complex role for PSMA in angiogenesis, where it is a principal component of a regulatory loop that is tightly modulating laminin-specific integrin signaling and GTPase-dependent, p21-activated kinase 1 (PAK-1) activity. We show that PSMA inhibition, knockdown, or deficiency decreases endothelial cell invasion in vitro via integrin and PAK, thus abrogating angiogenesis. Interestingly, the neutralization of ␤ 1 or the inactivation of PAK increases PSMA activity, suggesting that they negatively regulate PSMA. This negative regulation is mediated by the cytoskeleton as the disruption of interactions between the PSMA cytoplasmic tail and the anchor protein filamin A decreases PSMA activity, integrin function, and PAK activation. Finally, the inhibition of PAK activation enhances the PSMA/filamin A interaction and, thus, boosts PSMA activity. These data imply that PSMA participates in an autoregulatory loop, wherein active PSMA facilitates integrin signaling and PAK activation, leading to both productive invasion and downregulation of integrin ␤ 1 signaling via reduced PSMA activity. Therefore, we have identified a novel role for PSMA as a true molecular interface, integrating both extracellular and intracellular signals during angiogenesis.
Proteolysis plays an important role in numerous biological processes, including the regulation of cellular responses to external stimuli. Peptidases and peptidase cascades have recently emerged as important regulators of angiogenesis (7, 8, 20, 41, 54, 61, 68, 80, 81) where new blood vessels are formed from existing vessels (31) . Angiogenesis occurs predominantly during development and is rare in adults (27) except for pathological states, where angiogenesis is a major contributor to several diseases, including rheumatoid arthritis (22, 33, 66) , psoriasis (4) , tumor growth and metastasis (28) , diabetic retinopathy (23) , cardiovascular disease (35) , and bone repair (23) . Accordingly, its widespread contribution to many disorders prompted early predictions that angiogenesis would be a particularly effective therapeutic target. However, the results of clinical trials evaluating the efficacy of modulators of angiogenesis in the treatment of cancer, macular degeneration, and cardiovascular disease suggest that more precisely targeted therapies are needed to improve the therapeutic regulation of angiogenesis in the treatment of angiogenesis-associated diseases (71) . Therefore, elucidating the specific mechanisms gov-erning angiogenesis will facilitate the identification of potential new targets for therapy.
We have extensively characterized the type II transmembrane metalloprotease, CD13/aminopeptidase N (APN), in angiogenic endothelial cells as one of several peptidases that play a role in angiogenesis (for a review, see reference 5). We have shown that endothelial CD13/APN expression is induced in response to environmental angiogenic signals and that it plays an important functional role in endothelial cell invasion and morphogenesis (7, 8, 63) . Importantly, the inhibition of CD13/ APNЈs activity with antagonists or monoclonal antibodies inhibits tumor growth in xenograft-bearing animals, demonstrating its utility as a therapeutic angiogenic target (61) . Recently, a second cell surface exopeptidase, prostate-specific membrane antigen (PSMA) or glutamate carboxypeptidase II, has been shown to display an expression pattern analogous to that of CD13/APN, where it is found in angiogenic but not normal tumor vasculature (17, 18, 49, 70) . PSMA was originally cloned and characterized in the tissues of prostate tumors (34, 38) , where the full-length, transmembrane form of the protein is dramatically upregulated in the majority of advanced prostate carcinomas (hence the name PSMA [72] ). In these tumors, there is a strong correlation between a negative prognosis and cell surface expression of PSMA (24, 37 ) and its precise contribution to prostate tumorigenesis is currently under investigation. Two site-specific carboxypeptidase activities have been assigned to PSMA: N-acetylated ␣-linked acidic dipeptidase (NAALADase), which hydrolyzes the neuropeptide NAAG (15, 74) in the brain to regulate release of neurotransmitters (9) , and folate hydrolase activity, which is characterized by the cleavage of terminal glutamates from poly-and gamma-glutamated folate which play a role in the cellular uptake of dietary folate (65) . PSMA contains a small intracellular amino-terminal domain, a transmembrane domain, and a large extracellular domain, including the catalytic region (57) . PSMA expression has also been identified in various nonprostatic tissues, including brain and intestine (46, 76) . More recently, PSMA expression was specifically detected, in a pattern remarkably similar to that of CD13/APN, in the endothelial cells lining the vasculature of several human tumors (17, 47, 49, 70) , suggesting the possibility that PSMA may also functionally contribute to tumor-associated vasculature formation.
In the present study, we demonstrate that PSMA is required for angiogenesis in vivo and is essential for endothelial cell invasion in vitro, where it appears to participate in lamininspecific integrin signaling and the regulation of cytoskeletal dynamics via the Rho GTPase effector molecule p21-activated kinase 1 (PAK-1). We show that the inhibition of PSMA impedes the activation of integrin ␤ 1 (the common ␤ chain of the laminin binding integrins [16, 43] ) and PAK-1, which is consistent with its role in endothelial invasion. Importantly, we also provide evidence that tethering PSMA to the cytoskeleton via the actin binding protein filamin A modulates its enzyme activity, which is reminiscent of the impact of the cytoskeleton on integrin function. Interestingly, manipulation of integrin ␤ 1 or PAK activity impacts PSMA/filamin A interactions and PSMA activity, suggesting that, while PSMA facilitates integrin activation, integrin ␤ 1 and PAK in turn negatively regulate PSMA function. In support of this notion, the transfection of endothelial cells with a constitutively active PAK mutant decreases PSMA activity, implying that PSMA participates in an autoregulatory loop wherein active PSMA increases integrin signaling, PAK activation, and endothelial adhesion and invasion. This mechanism leads to the dissociation of the PSMA/filamin complex and the downregulation of PSMA activity and, thus, holds ␤ 1 integrin signaling in check. Our results linking PSMA to the regulation of PAK implicate PSMA as an important regulator of endothelial cell invasion and angiogenesis and maybe a therapeutic target for angiogenesis-related diseases.
MATERIALS AND METHODS
Inhibitors and antibodies. 2-(Phosphonomethyl)-pentanedioic acid (PMPA) was obtained through Alexis Biochemicals (Lausanne, Switzerland [39] ). The Rac inhibitor was purchased from Sigma. PSMA antibodies were purchased from Anogen (YPSMA-1) or Zymed (for coimmunoprecipitation, Western blotting, and immunohistochemistry). ␤ 1 -Neutralizing antibody was purchased from Cell Sciences, and ␤ 1 -activating antibodies were purchased from Pharmingen (HUTS-21) or BioLegend (TS2/16). Phospho-specific and total PAK and focal adhesion kinase (FAK) antibodies were purchased from Santa Cruz Biotechnologies.
Animals. PSMA-null mice and wild-type littermates were described previously (3). C57Bl/6 mice were acquired from Jackson Labs (Bar Harbor, Maine).
Cell culture. Primary human umbilical vein endothelial cells (HUVECs) were obtained from Clonetics Corporation (San Diego, CA) and maintained according to the manufacturer's protocol. The human Kaposi's sarcoma endothelial cell line (KS1767) was the gift of Renata Pasqualini and maintained as described previously (7) .
In vitro endothelial cell invasion assay. In vitro invasion assays of endothelial cells were performed as described previously (8) . Invasion was measured by staining invading cells with calcein-AM, and fluorescent pixels were quantitated using Photoshop software. siRNA synthesis. A Silencer short interfering RNA (siRNA) construction kit (Ambion) was used to design and construct PSMA-specific siRNA according to the manufacturer's recommendations. PSMA-specific oligonucleotides were designed. The sequence of the sense strand oligonucleotide used was 5Ј-AATCT CCTTCACGAAACCGACCCTGTCTC-3Ј, and the sequence for the antisense strand oligonucleotide was 5Ј-AAGTCGGTTTCGTGAAGGAGACCTGTCT C-3Ј. Filamin A siRNA sequences were as follows: 5Ј-AACATACTTATCTTG GTCAATCCTGTCTC-3Ј and 5Ј-AAATTGACCAAGATAAGTATGCCTGTC TC-3Ј. The control siRNA sequence used in the PSMA siRNA experiment was designed against a transcription factor gene, but it did not knock down protein levels of its intended gene. The sequences for this siRNA were 5Ј-AATCAAG AATATGGACCAGGTCCTGTCTC-3Ј and 5Ј-AAACCTGGTCCATATTCTT GACCTGTCTC-3Ј. For the filamin A siRNA experiment, the negative control scrambled siRNA was purchased from Ambion. KS1767 or HUVECs were transfected with the completed siRNA (30 nM) using Lipofectamine reagent (Invitrogen). Cells were harvested and assayed for protein expression and function 3 days after transfection.
In vivo Matrigel plug angiogenesis assay. The Matrigel plug assay was utilized as previously described (62) . Briefly, thawed Matrigel (Becton Dickinson) was mixed with heparin and ␤-FGF and, in some cases, with the PSMA inhibitor PMPA (100 M) or monoclonal antibody YPSMA-1 (1:200) and injected subcutaneously into anesthetized animals. Seven days after injection, the animals were sacrificed and plugs were harvested, fixed, and paraffin embedded for staining with hematoxylin and eosin to identify functional microvessels. Microvessel density was determined by counting the number of functional microvessels (defined as erythrocyte-containing vessels) per field. The three highest microvessel density fields for each sample were recorded, and the average was taken for each sample. Alternatively, plugs were homogenized and hemoglobin content was assessed using Drabkin's reagent kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's protocol.
Primary lung endothelial cell isolation. Lungs were harvested from PSMA knockout and wild-type mice as described previously (44) . Immunofluorescence staining with platelet/endothelial cell adhesion molecule antibody revealed 75 to 85% endothelial cell purity in the final cultures.
Cell transfections. The transfection of PAK constructs was performed using Lipofectamine 2000 (Invitrogen) as described previously (45) . PAK expression was verified by immunoblot analysis (wild type and constitutively active) or fluorescence imaging of the green fluorescent protein-expressing autoinhibitory domain of PAK. For peptide transfections, 1 mg of PSMA cytoplasmic tail domain (CTD) and scrambled peptides were transfected using Stratagene's Biotrek protein delivery system according to the manufacturer's recommendations. Cotransfection of a positive control fluorescein isothiocyanate (FITC)containing protein ensured appropriate transfection efficiency.
Immunoprecipitation/immunoblots. For immunoprecipitation, cells were lysed in Triton X-100 containing lysis buffer and precleared with protein A-agarose beads (Bio-Rad). Lysates were incubated with the indicated antibodies at 4°C before overnight precipitation with protein A-agarose beads. Immunoprecipitated proteins were lysed in sodium dodecyl sulfate-containing buffer, run on 4 to 15% Tris-HCl gels, and blotted with filamin A antibody (Chemicon) or the indicated control antibodies. For general immunoblotting, blots were incubated with a 1:200 (PAK and FAK) or 1:400 (all others) dilution of the indicated primary antibodies and with 1:2,500 of the appropriate horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences); detection was performed using the ECL reagent (Amersham Biosciences).
Rac activation assay. HUVECs were plated on Matrigel-coated cell culture dishes in the presence or absence of 100 M PMPA for 4 h. Cells were lysed with the Pierce lysis/binding/wash buffer containing protease inhibitors, sodium orthovanadate, and 10 g of the PAK p21 binding domain-glutathione S-transferase construct. Lysates were centrifuged, and the supernatant was pulled down in the presence of 10 g PAK p21 binding domain-glutathione S-transferase and glutathione-Sepharose 4B beads (Amersham Biosciences) overnight at 4°C. The beads were collected, washed three times, and boiled in sample buffer. Immunoblotting with Rac antibody (Pierce) allowed detection of activated and total Rac.
Immunofluorescence. Cells were fixed with 100% methanol, permeabilized with 0.1% NP-40, blocked with 3% bovine serum albumin-phosphate-buffered saline (PBS), and stained with PSMA (Zymed) and filamin A (Cell Signaling) antibodies followed by fluorescently conjugated secondary antibodies. Cells were observed with a Zeiss Axioplan 2 (40ϫ objective) attached to a Zeiss AxioCam HRc digital camera.
PSMA activity assay. Cells grown in 24-well plates were washed with PBS and incubated with 3 H[NAAG] in Krebs-Ringer buffer (1 Ci/ml) for 1 h at 37°C. PSMA VOL. 26, 2006 PSMA REGULATES ANGIOGENESIS VIA INTEGRINS AND PAK-1 5311 activity was determined as described previously (74) . Activity was normalized to protein concentration as determined by the Bradford Assay (Bio-Rad). Phalloidin staining of cells. Cells grown on coverslips or cell culture dishes were fixed with 4% paraformaldehyde-PBS for 20 min, permeabilized with 1% Triton X-100, and stained with tetramethyl rhodamine isocyanate-phalloidin (Chemicon; 1:500 in PBS) for 45 min at room temperature. Cells were washed three times and observed with a Zeiss Axioplan 2 (40ϫ objective) attached to a Zeiss AxioCam HRc digital camera. ␤ 1 integrin adhesion assay. Twenty-four-well cell culture plates were coated with laminin or the indicated matrix proteins (10 g/ml) overnight at 4°C. Cells were trypsinized and resuspended in complete medium with or without 100 M PMPA (basal activation) or with or without ␤ 1 -activating antibodies (1 g HUTS-21 or TS2/16) and 100 M PMPA (induced activation). Alternatively, cells transfected with control or PSMA siRNA were assessed for adhesion in the absence (basal activation) or presence (induced activation) of ␤ 1 -activating antibody. After 20 min, floating cells were removed, and adherent cells were stained with calcein-AM and counted. Percent adhesion was calculated from the total number of cells (adherent and floating).
Statistical analysis. All experiments in this study were repeated for a minimum of three independent experiments. Differences between means were analyzed using the two-tailed Student's t test, and significance was set at a P value of Ͻ0.05.
RESULTS
Angiogenesis is impaired in PSMA-null animals. We have shown that the expression of the membrane-anchored peptidase CD13/APN is highly expressed on angiogenic but not normal vasculature, where it plays an important functional role in both endothelial cell invasion and morphogenesis and, thus, is essential for functional angiogenesis. Recent reports have demonstrated that similar to CD13, the majority of blood vessels in normal tissues express minor amounts of a second peptidase, PSMA, but levels of this protein are significantly upregulated in the vasculature of numerous human tumors. To investigate the possible angiogenic role of PSMA, we injected PSMA-null (3) and control mice with Matrigel, an acellular tumor-derived matrix consisting of many components of the tumor microenvironment, such as basement membrane proteins and growth factors (42) (62). Lack of PSMA resulted in a striking attenuation of neovessel formation in the Matrigel plug, as quantitated by hemoglobin content or formation of erythrocyte-containing capillaries (a Ͼ10-fold reduction relative to controls) ( Fig. 1A and B ). Similarly, wild-type animals injected with Matrigel containing either PMPA, a highly specific peptide inhibitor of PSMA activity (39), or YPSMA-1, a PSMA-neutralizing antibody, resulted in decreased hemoglobin content ( Fig. 1A) and a clear lack of capillaries in the presence of either antagonist (Fig. 1C ). Thus, PSMA is important for angiogenesis in vivo, where its specific and potent expression on angiogenic vasculature likely contributes to pathological angiogenesis. 
PSMA participates in endothelial cell invasion in vitro.
Angiogenesis is a complex process that includes the activation, proliferation, migration, invasion, and differentiation of endothelial cells (27, 32) . Previous studies have demonstrated that the cell surface peptidases CD13 (7, 8) , aminopeptidase A (54), and dipeptidyl peptidase IV (20) regulate angiogenesis by controlling endothelial cell invasion. To determine whether PSMA also participates in this process, we assayed purified primary pulmonary endothelial cells from PSMA-null or control animals for their abilities to penetrate Matrigel in vitro. The invasion of PSMA-null endothelial cells was severely impaired relative to wild-type endothelial cells ( Fig. 2A ). Consistent with this observation and our in vivo data, the invasion of primary HUVECs was markedly inhibited in the presence of either PMPA or YPSMA-1 (the neutralizing antibody) (75) in a dose-dependent manner (Fig. 2B) , confirming that the effects on invasion are due to the inhibition of PSMA. Two additional PSMA-specific antibodies resulted in a similar degree of inhibition (data not shown). The loss of invasion in the presence of PSMA antibodies is not due to the interference of cell function by general antibody binding, as neither immunoglobulin G nor an anti-CD13 antibody that binds to CD13 (but does not inhibit its function) (WM4.7) affected invasion. Importantly, cell viability was not affected in the presence of a relatively high concentration of PMPA that significantly inhibits invasion (100 m) ( Fig. 2B ) and endothelial morphogenesis was similarly unaffected (data not shown). Therefore, endothelial cell invasion is dependent on functional PSMA.
While chemical inhibitors can often affect a group of proteins sharing similar functions, RNA interference is a strategy for specifically reducing the expression of a particular protein by sequence-specific degradation of its mRNA (13, 26, 36) . Kaposi's sarcoma-derived KS1767 cells were transfected with siRNA specific for either PSMA or an irrelevant gene and assayed for PSMA protein expression. We have extensively characterized this cell line and found that it faithfully recapitulates many features of primary vascular endothelial cells (7, 8, 63) . Western blot analysis confirmed that the transfection of VOL. 26, 2006 PSMA REGULATES ANGIOGENESIS VIA INTEGRINS AND PAK-1 5313 PSMA siRNA but not irrelevant control siRNA preparations specifically reduced PSMA protein levels in the endothelialderived cell line (Fig. 2C ). In agreement with our results using inhibitors and antibodies, functional assessment of PSMA siRNA-transfected KS1767 cells showed that specific reduction of PSMA protein levels significantly hampered endothelial cell invasion by more than 50% relative to cells transfected with control preparations (Fig. 2D ), thus confirming that PSMA is required for functional angiogenic processes. PSMA participates in integrin signaling and FAK activation. Cell motility in vivo is regulated by the cumulative interactions of specific integrins with individual extracellular matrix proteins that trigger the activation of signaling pathways critical for migration and invasion (for a review, see reference 67).
To determine whether PSMA-dependent cell motility may be mediated through specific integrin signaling, we repeated our in vitro transwell assays using individual matrix proteins, including collagen I and IV, fibrinogen, fibronectin, and laminin in the presence or absence of PMPA. Interestingly, PMPA alters cell motility on laminin (the major component of Matrigel) but not on any of the other matrix proteins tested ( Fig.  3A ), suggesting that PSMA-dependent endothelial cell motility may be mediated specifically via laminin binding integrins. The specific integrin receptors (consisting of an ␣ and a ␤ subunit) that interact with laminin have been identified (6, 16, 43) . While multiple ␣ integrin subunits can be components of laminin binding integrins, integrins containing the ␤ 1 subunit are the predominant laminin receptors expressed on primary endothelial cells in culture (6, 16, 43) . Therefore, we initially focused on this integrin subunit for our study of PSMA-dependent motility on laminin. To test whether PSMA regulation involves ␤ 1 integrin, we assayed the effects of manipulating PSMA on endothelial cell adhesion to laminin. Treatment of HUVECs with the PSMA antagonist impairs basal adhesion to laminin to the same extent as blocking integrin-specific interactions with a ␤ 1 -neutralizing antibody (Fig. 3B ). This interaction is specific for laminin, as demonstrated by the inability of PMPA to affect adhesion to other ␤ 1 -dependent substrates collagen or fibronectin or to the ␤ 2 integrin substrate fibrinogen ( Fig. 3B ). Flow cytometric analysis of endothelial cells plated on laminin demonstrates that total cell surface levels of ␤ 1 integrin are unchanged after PMPA treatment, indicating that PSMA does not affect adhesion by regulating integrin expression (data not shown).
To further examine the connection between PSMA and ␤ 1 integrin, we specifically stimulated ␤ 1 -mediated adhesion with two different ␤ 1 -activating antibodies and measured cell adhesion in the presence of the PSMA inhibitor. The HUTS-21 antibody recognizes a ␤ 1 integrin epitope that is masked on inactive integrins but is exposed upon ligand binding or partial integrin activation (51), while the TS2/16 reagent binds to epitopes that are constitutively expressed regardless of the state of integrin activation (2) . Upon binding, both of these antibodies are capable of inducing ␤ 1 -dependent adhesion to its substrates (for a review, see reference 51) ( Fig. 3B and C) . However, while HUTS-21-stimulated endothelial cell adhesion to laminin but not other substrates is strikingly inhibited by the PSMA antagonist (Fig. 3C ), adhesion to laminin following stimulation via the ␤ 1 constitutive epitope is not significantly affected (Fig. 3D) . These results suggest that PSMA partici-pates in the initial laminin binding, leading to HUTS-21 epitope exposure. Similarly, rescue of PMPA inhibition upon constitutive activation with TS2/16 implies that, once the integrin is activated, PSMA is no longer required. Parallel experiments measuring basal and induced adhesion of cells transfected with PSMA-directed siRNA confirmed results obtained with PSMA inhibition (Fig. 3E) . Importantly, the fact that cells transfected with PSMA-directed siRNA were impaired in their abilities to adhere to laminin implies that the inhibitor or antibodies do not physically interfere with integrin-laminin interactions and that PSMA must be present for productive adhesion.
Finally, because integrin signal transduction typically results in the phosphorylation of the downstream effector FAK, we assessed phosphorylated FAK levels in cells treated with PSMA antagonists. FAK phosphorylation is significantly decreased upon inhibition of PSMA ( Fig. 3F ) or in cells treated with PSMA-directed siRNA (data not shown), again supporting our hypothesis that PSMA modulates laminin-specific ␤ 1 integrin function. These data distinguish PSMA from other cell-surface peptidases that have been implicated in regulating invasion but have not been shown to participate in integrin signaling (7, 8, 20, 54) .
PSMA plays a role in PAK activation and endothelial cytoskeletal integrity. Because ␤ 1 integrin signaling has been shown to regulate endothelial cell motility, in part, by facilitating the activation of effector molecules such as PAK and Rac (73; for a review, see references 10 and 67), we hypothesized that PSMA may be involved in Rac or PAK activation. The members of the PAK family are well characterized effector molecules that mediate cell motility and the actin cytoskeleton (for a review, see reference 10). Treatment of HUVECs with either of the PSMA antagonists resulted in decreases in phosphorylated PAK protein levels (53, 55) but had no effect on activated extracellular signal-regulated kinase levels, indicating that PSMA contributes specifically to the activation of this pathway (Fig. 4A ). Comparable results were obtained with cells treated with PSMA-directed siRNA (data not shown). The effect of PSMA on PAK activation appears to be mediated via small GTPases as the levels of activated Rac, a member of the Rho family of small GTPases that are upstream activators of PAK, are similarly decreased upon PSMA inhibition (Fig.  4B ).
Dysregulated PAK activity in cells has been shown to result in morphologies typified by increased membrane protrusions and cells lacking a distinct leading edge, resulting in compromised directional migration and invasion (40, 67, 69) . Similarly, we observed an increase in membrane protrusions in multiple directions (29) and an apparent loss of normal structural integrity of PSMA-null endothelial cells or in HUVECs incubated in the presence of PSMA antagonists (an average twofold increase in cells with multiple leading edges) ( Fig. 4C and  4D) . Although increased protrusions are generally associated with increased motility, cells lacking a distinct leading edge often exhibit compromised directional migration and invasion (40, 67, 69) . Collectively, these observations suggest that PSMA is necessary for optimal PAK activation downstream of laminin binding ␤1 integrin and, thus, impacts cytoskeletal integrity and endothelial invasion. Filamin A interacts with PSMA and regulates its activity in endothelial cells. PAK regulates cytoskeletal integrity, in part, by its interaction with numerous substrates, such as myosin light chain kinase, caldesmon, and the actin binding protein ABP280/filamin A (10). Because the cytoplasmic domain of PSMA has also been shown to interact with filamin A both in vitro and in epithelial cells in vivo (1), we asked whether the PSMA/filamin A interaction could play a role in endothelial invasion. By coimmunoprecipitation of endogenous filamin A from HUVECs with anti-PSMA antibodies, we initially estab- lished that filamin A is indeed present in a complex with PSMA in endothelial cells (Fig. 5A) . Importantly, filamin is not detected in complexes precipitated with antibodies recognizing ICAM, another transmembrane protein, demonstrating the specificity of this interaction. Importantly, PSMA does not associate with talin, a prominent cytoskeletal tether (data not shown). Additionally, filamin and PSMA exhibit similar localization patterns in migrating HUVECs labeled with PSMA-FITC and filamin-Texas Red antibodies (Fig. 5A) , supporting the concept that PSMA and filamin may be associated in endothelial cells.
To investigate the functional significance of the endothelial VOL. 26, 2006 PSMA REGULATES ANGIOGENESIS VIA INTEGRINS AND PAK-1 PSMA/filamin interaction, we designed a peptide corresponding to the 19-amino-acid CTD of PSMA (1) to compete with endogenous PSMA for binding to filamin A. Filamin no longer coimmunoprecipitated with anti-PSMA in endothelial cells transfected with the CTD peptide, confirming its ability to disrupt PSMA/filamin interactions (Fig. 5B) . Because alterations in cytoskeletal attachments often affect the function of the coupled molecules (12, 56, 64) , we investigated the effect of disruption of the PSMA/filamin A association on PSMA activity. CTD peptide transfection into cells (as determined by cotransfected FITC-labeled control protein) reduced PSMA activity (Fig. 5C ), possibly due to destabilization of PSMA on the cell surface. Because we have shown that PSMA activity is important for a number of cell functions, we predicted that the decrease in PSMA activity generated by disruption of PSMA/ filamin association would disrupt these processes as well. Indeed, normal actin cytoskeletal dynamics are predictably compromised ( Fig. 5D ) and endothelial cell invasion is decreased (Fig. 5E ), as is ␤ 1 integrin-mediated adhesion (Fig. 5F ), in cells transfected with the competing CTD peptide compared with cells transfected with scrambled control peptide. Finally, PAK phosphorylation is diminished when PSMA/filamin binding is abrogated (Fig. 5G) , thus implicating filamin A as a regulator of PSMA activity and confirming the link between PSMA activity, integrin activation, PAK activity, and endothelial cell invasion. PSMA is regulated by negative feedback mechanisms involving integrin ␤ 1 and PAK. We have identified several key molecules that are important in PSMA-mediated endothelial cell invasion. All cellular processes contributing to invasion and migration events must be tightly regulated, as productive motility requires the precisely controlled activation of essential proteins (67) . Based on our results, unregulated PSMA activity would be predicted to lead to constant ␤ 1 integrin signaling and constitutively activated PAK. However, since uncontrolled PAK activation is known to result in dysregulated motility (40, 67, 69) , these positive signals must be modulated for invasion to proceed. Therefore, we asked whether PSMA activity is also regulated, allowing for precise modulation of downstream events leading to invasion. To initially test this possibility, we investigated the effects of ␤ 1 integrin activation and signal transduction on PSMA function. When ␤ 1 function is inhibited in endothelial cells with a neutralizing antibody, we observed an increase in PSMA activity, whereas ␤ 1 activation with an activating antibody decreased activity, suggesting that ␤ 1 regulates PSMA (Fig. 6A) . Flow cytometric analysis indicates that PSMA expression levels are unchanged under conditions where ␤ 1 is activated (adhesion to laminin), arguing that the ␤ 1 effects are not likely due to alterations in PSMA expression (data not shown). Consistent with these results, HUVECs incubated on laminin-coated cell culture dishes in the presence of the ␤ 1 -activating antibody display the characteristic morphology of protrusions in multiple directions, mimicking the effect mediated by PSMA inhibition and compatible with a mechanism where an overriding ␤ 1 integrin signal results in a decrease in PSMA activity (Fig. 6B) . These results are in agreement with our model of interacting regulatory mechanisms linking PSMA and ␤ 1 integrin.
Having implicated PAK in PSMA-mediated invasion, we next determined the consequences of PAK manipulation on PSMA activity. We transiently transfected expression plasmids encoding either wild-type, constitutively active, or the autoinhibitory domain of PAK-1 that interrupts PAK activation (45) into primary endothelial cells ( Fig. 7A ; also see Fig. S2 in the supplemental material). PSMA activity is predictably upregulated by inhibition of PAK and downregulated by uncontrolled PAK activation. In addition, activated PAK has been shown to physically interact with filamin A, leading to the phosphorylation of filamin on Ser 2152 and a boost in PAK activity (19) . We hypothesized that the binding of activated PAK to filamin would disrupt PSMA/filamin interactions, and as we have shown, cause a decrease in PSMA activity, thus forming a mechanistic explanation for our observations. To examine this possibility, we evaluated the PSMA/filamin association in endothelial cells under conditions where PAK is inhibited. The immunoprecipitation of PSMA in cells treated with Rac inhibitor ( Fig. 7B) or transfected with the autoinhibitory PAK expression construct (Fig. 7C) shows an increase in the association of filamin with PSMA, suggesting that the activation status of PAK impacts PSMA/filamin association and, thus, regulates PSMA enzymatic activity. According to this hypothesis, knock down of filamin A in HUVECs should rescue loss of PSMA activity in the presence of activated PAK. Therefore, we introduced filamin A-specific siRNA in HUVECs prior to transfection with the constitutively active PAK construct. As expected, cells with reduced filamin A protein levels were less sensitive to the effects of constitutively active PAK on PSMA activity (Fig.  7D) , further implicating filamin A as an important link between PAK and PSMA. Taken together, our results are consistent with a negative feedback loop model of PSMA regulation in endothelial cells, where PAK activation leads to both productive invasion and a downregulation of laminin-specific integrin ␤ 1 signaling via reduction in PSMA activity (Fig. 8A) . To relate this pathway to endothelial functions that are critical for angiogenesis, we determined the effect of dysregulated PAK on endothelial cell cytoskeletal integrity. The transfection of cells with the constitutively active PAK mutant expression plasmid, along with a plasmid encoding green fluorescent protein to identify cells containing transfected plasmids, showed a phenotype very similar to those of PMPA-treated cells with multiple protrusions extending in disparate directions (Fig. 8B) , indicating that sustained activation of PAK-1 causes cytoskeletal alterations. Similarly, PMPA-inhibited endothelial invasion is rescued in the presence of the ␤ 1 -activating antibody (TS2/16) but not a control antibody (Fig. 8C) . These results demonstrate that PSMA-mediated regulation of integrin activation and PAK activity are critical for endothelial cell invasion and angiogenesis. Thus, this tight regulation of sequential protein activation/ deactivation steps essential for motility and invasion identifies a novel role for PSMA as a functional contributor to tumor neovascularization.
DISCUSSION
PSMA was originally described as a highly abundant protein in prostate tumors whose expression level correlates with poor prognosis. Subsequent histological observations demonstrated that PSMA is also highly expressed on the vasculature of virtually every solid tumor examined (19, 47) . While its function in the prostate remains unclear, its specific expression on angiogenic vasculature suggests that it participates in neovessel growth in developing tumors, a role similar to those of other cell surface peptidases with analogous vascular expression patterns (for a review, see reference 5). This possibility was confirmed by our in vivo studies in PSMA-null animals and using PSMA antagonists where angiogenesis is significantly impaired in the Matrigel implant model. Because Matrigel is derived from a murine chondrosarcoma, the matrix proteins present in this model are physiologically relevant to the extracellular matrices surrounding tumors in vivo (42, 60) . Further investigation into the mechanistic basis of PSMA activity in angiogenesis focused on endothelial function in the presence of PSMA inhibitors. Primary endothelial cells treated with the functional inhibitor or neutralizing antibodies suggested that PSMA enzymatic activity was required for endothelial cell invasion through the extracellular matrix in vitro but did not contribute significantly to endothelial viability, proliferation, or morphogenesis ( Fig. 2B and data not shown) . Finally, both cells containing PSMA-specific siRNA or purified primary endothelial cells from PSMA-null animals resulted in significant reductions in invasive capacity and laminin-specific adhesion, again confirming a role for PSMA in endothelial cell invasion and, thus, angiogenesis. Our data, coupled with the high expression of PSMA in angiogenic vasculature and the prominent presence of laminin in the tumor microenvironment, identify a novel role for PSMA as a functional contributor to tumor neovascularization. Because extensive neovascularization occurs during development, the fact that PSMA-null animals are viable and fertile (3) suggests that PSMA is not essential for angiogenesis. However, examples of gene-deficient animals that develop normal vasculature yet fail to mount efficient angiogenic responses in pathological situations have been described previously (e.g., placental growth factor, PlGF [14] , platelet/endothelial cell adhesion molecule 1 [25] , and aminopeptidase A [54] ). Of particular relevance to our work is the aminopeptidase A-deficient model that deletes a gene which also encodes a cell surface metallopeptidase (54) . These animals show no overt phenotype, but they are severely impaired in their abilities to form new capillaries in response to ischemia or angiogenic growth factors. These results strongly support the notion that unique mechanisms exist to regulate developmental versus pathological angiogenesis, and it is intriguing to speculate that cell surface peptidases, such as aminopeptidase A and PSMA, may participate in solely the pathological response and not the developmental angiogenic response.
An initial clue to the mechanism of PSMA's role in angiogenesis was provided by our observation that PSMA-dependent endothelial invasion was strictly laminin specific, suggesting that distinct integrins might be involved in this process. This possibility was supported by our finding that the functional activity and activation of downstream effectors of the laminin binding ␤ 1 integrin are significantly decreased in the absence of functional PSMA. Integrin activation and its subsequent transduction into cellular processes such as adhesion, migration, and invasion are precisely controlled at numerous points that could provide possible sites for PSMA participation. For example, the binding of integrins to their extracellular ligands is profoundly impacted by mechanism including conformational changes in extracellular domains, alterations in integrin expression levels, changes in cytoskeletal tethers, integrin clustering, and receptor diffusion, all of which cooperate to facilitate productive integrin-ligand interactions. Alternately, increased integrin activation can result from the exposure of cryptic matrix epitopes following cleavage of extracellular ligands such as laminin (for a review, see reference 11). Therefore, PSMA may conceivably act at any of a number of regulatory steps. However, relevant insights may be found in results from our adhesion studies using the ␤ 1 -activating antibodies TS2/16 and HUTS-21. While TS2/16 recognizes a constitutively exposed site, the HUTS-21 antibody binds to an epitope on the ␤1 chain that is exposed only after a conformational change that is triggered by the initial interaction with ligand. HUTS-21 binding to this liberated epitope then secures the integrin in a maximally high-affinity conformation and enhances adhesion (51) . The fact that PSMA dependence persists in the presence of HUTS-21 suggests that the peptidase may contribute to the initial ligand binding that leads to HUTS-21 epitope exposure. Similarly, the rescue of PMPA inhibition upon constitutive activation by TS2/16 suggests that, once the integrin is fully activated, PSMA no longer plays a role. Since PSMA cleaves small peptides, it is intriguing to speculate that a novel regulatory PSMA peptide substrate (perhaps derived from laminin itself) that is found at angiogenic sites is then cleaved by PSMA to facilitate integrin activation. In support of this notion, the degradation of the extracellular matrix is known to produce smaller proteolytic fragments with pro-or antiangiogenic activity which affects integrin function (52, 58, 59) and also has been shown to create integrin binding sites (78) The identification of putative angiogenic peptidase substrates and their possible effects on angiogenesis are the subjects of active investigation in our laboratory.
The link between the extracellular space and the cytoskeleton is critically important to diverse cell functions, including motility and invasion. Many of these connections involve interactions between integrins and actin binding proteins, including filamin (12, 50, 64) , which we find interacts with PSMA in endothelial cells. Similar to our findings, filamin A was also found to interact with PSMA using either purified bacterial proteins in vitro or in prostate epithelial cells in vivo (1) and, thus, may be a common transmembrane link to the cytoskeleton in various cell types. While filamin A regulates the actin cytoskeleton by facilitating the branching and polymerization of actin necessary for cell invasion (30) , it has also been described to regulate cell motility by binding to transmembrane molecules and modulating their stability. For example, the tight interaction of the ␤ 7 integrin cytoplasmic tail with filamin A regulates integrin function by stabilizing the actin microfilaments at the site of integrin attachment, thus regulating cell protrusions (12) . Similarly, exogenous expression of filamin in filamin A-deficient cells boosts cell surface levels of ␤ 1 integrin (56) . Though PSMA levels are unchanged, we see that the enzyme activity of PSMA is also regulated by its interaction with filamin, perhaps by a similar stabilizing mechanism that would result in increased activity, enhanced integrin signal transduction, and cell invasion. Because the interactions of integrins with their cytoskeletal tethers are quite specific (48) and changes in these cytoskeletal tethers can both contribute to and result from integrin activation (11) , it is logical that the activity of other transmembrane molecules may be similarly controlled by regulated interactions with the cytoskeleton.
Further investigation of signaling mechanisms downstream of integrin activation that may mediate PSMA-dependent invasion was prompted, in part, by the striking morphological changes observed in endothelial cells purified from PSMA-null animals or cultured in the presence of PSMA antagonists. These cells consistently showed an altered phenotype characterized by numerous lamellipodia-like protrusions extending in multiple directions, suggesting a role for PSMA in maintaining normal cytoskeletal dynamics, consistent with its role in invasion (21, 79) . Because the effects on PSMA-inhibited cells resembled those observed in cells containing dysregulated PAK (40, 69) , we investigated the phosphorylation status of PAK in these cells. Significantly, we found that levels of phosphorylated PAK are decreased in the presence of both PSMA antibodies and inhibitor, suggesting that PSMA's effects on the cytoskeleton may be mediated by influencing the activity of cytoskeletal effector proteins. In support of this concept, the expression of either constitutively active or dominant-negative PAK expression plasmids in microvascular endothelial cells has been shown to result in a reduction in growth factor-VOL. 26, 2006 PSMA REGULATES ANGIOGENESIS VIA INTEGRINS AND PAK-1 5321 stimulated motility (40) , illustrating the critical importance of precise modulation of PAK activity for polarized cell movement and the necessity for multiple regulatory mechanisms (for a review, see reference 10). PAK is often activated by members of the Rho family of small GTPases, and we find that the PSMA antagonists also affect Rac activation, which is similar to the results of studies where integrin activation results in small GTPase-dependent activation of PAK (for a review, see reference 10). Therefore, PSMA's influence on ␤ 1 integrindependent PAK activation and ensuing cytoskeletal consequences likely contributes to its regulation of endothelial cell invasion.
How does the activation of PAK regulate PSMA activity? It is well documented that alterations in the anchors linking the cytoplasmic domains of transmembrane proteins to the cytoskeleton can profoundly affect the activity of extracellular domains, as exemplified by integrin activation (11) . As previously mentioned, both PSMA and activated PAK have been shown to physically interact with the actin binding protein filamin A in epithelial cells (1, 77) . We find that PSMA and filamin are also associated in endothelial cells and that activation of PAK disrupts the PSMA/filamin complex and decreases PSMA activity, possibly by decreasing its surface stability. In epithelial cells, the PAK/filamin interaction is essential for motility, presumably by serving as a scaffold for PAK activation (77) . Both the PSMA and PAK interactions have been mapped to the filamin dimerization domain contained in repeats 22 to 24 (1, 77) . It is intriguing, therefore, to speculate that, upon endothelial integrin engagement, PAK is activated, thus promoting its interaction with filamin and supporting cell motility. However, the binding of activated PAK to filamin could disrupt PSMA/filamin interactions, thus affecting PSMA stability and inhibiting PSMA enzymatic activity, leading to diminished integrin function and subsequent downregulation of PAK activation. Elucidation of the precise mechanisms regulating intermediate steps in this negative regulatory loop is the subject of ongoing investigation in our laboratory.
The results of the current study add PSMA to an increasing number of cell-surface peptidases that contribute to angiogenesis. It will be important to understand how these peptidases interact globally to promote neovascularization; for instance, if distinct subpopulations of endothelial cells are dependent on distinct peptidases or if multiple peptidases function collectively to promote endothelial cell function. In this regard, emerging results from our laboratory on the function of the CD13 cell surface peptidase suggest that, while both peptidases regulate angiogenesis by controlling endothelial invasion, CD13 functions via a mechanism distinct from that of PSMA (N. Petrovic, W. Schacke, X. Liu, P. Mina-Osorio, and L. H. Shapiro, submitted for publication). However, a more complete characterization of the functions of the individual peptidases in the regulation of neovascularization is necessary before potential cooperative roles can be definitively established.
